In mammals, including humans, female fetuses that are exposed to testosterone from adjacent male fetuses in utero can have masculinized anatomy and behavior. However, the reproductive consequences of such prebirth sex-ratio effects for offspring and their implications for maternal fitness remain unexplored. Here we investigate the effects of being gestated with a male co-twin for daughter lifetime reproductive success, and the fitness consequences for mothers of producing mixed-sex twins in preindustrial (1734 -1888) Finns. We show that daughters born with a male co-twin have reduced lifetime reproductive success compared to those born with a female co-twin. This reduction arises because such daughters have decreased probabilities of marrying as well as reduced fecundity. Mothers who produce opposite-sex twins consequently have fewer grandchildren (and hence lower fitness) than mothers who produce same-sex twins. Our results are unlikely to be a consequence of females born with male co-twins receiving less nutrition because such females do not have reduced survival and increases in food availability fail to improve their reproductive success. Nor are our results explained by after-birth social factors (females growing up with similarly aged brothers) because females born with a male co-twin have reduced success even when their co-twin dies shortly after birth and are raised as singletons after birth. Our findings suggest that hormonal interactions between opposite-sex fetuses known to influence female morphology and behavior can also have negative effects on daughter fecundity and, hence, maternal fitness, and bear significant implications for adaptive sex allocation in mammals.
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early conditions ͉ fetal testosterone ͉ reproductive success ͉ sex allocation ͉ sex ratio C onditions experienced before birth can have profound effects on the subsequent growth, survival, and reproductive capacity of individuals from a wide range of taxa (1, 2) . For example, in humans, the quality and quantity of nutrition received in utero and/or the seasonal timing of birth have been shown to predict postnatal growth rates (3), the onset of chronic diseases in adulthood (4), longevity (5, 6) , and reproductive success or fitness (7, 8) . Another, but less often considered, aspect of the early environment that can have significant downstream consequences for offspring is the amount of sex hormones (testosterones and estrogens) to which developing young are exposed (9) (10) (11) .
Testosterone and estrogen are fat-soluble steroids and therefore can be transported both in the bloodstream as well as by diffusion. Consequently, it is now well established that, in viviparous animals, sex hormones diffuse through fetal membranes and amniotic fluid, leading to fetuses receiving significant concentrations of sex hormones from their developing neighbors (9, 12) . Such acquisition has been shown to have substantial consequences for individual morphology, physiology, and behavior across a wide range of wild, domesticated, and laboratory mammals, as well as in humans (9) (10) (11) .
In rodents, female fetuses positioned between two males have higher levels of testosterone than those from the same litter positioned between females (9). Furthermore, such females commonly have greater (i.e., more male-like) anogenital distances and often show more aggression, delayed maturation, longer estrus cycles, reduced sexual attractiveness to males, and shorter reproductive lifespans (9) . Given that testosterone is lipid-soluble, there is no basis for assuming that interfetal transfer of testosterone, unequivocally demonstrated in rodents, will not occur in any multiparous mammal. Thus, in humans, sex hormones are also likely to diffuse across fetal membranes and amniotic fluid, leading to the likelihood that human twins also can be influenced hormonally by the presence of a co-twin (13) . In accordance, human twin studies have shown that having a male co-twin can be associated with increased female growth in utero (14, 15) and masculinization of sexually dimorphic anatomical traits known to be sensitive to testosterone concentrations during fetal development, including second-to fourth-digit finger ratio (16) , auditory system (17), craniofacial growth (18) , visual acuity (19) , and canine size (20) . In addition, such females commonly show more male-like behaviors and attitudes after birth (11) .
Therefore, a male cosibling can have significant effects on the subsequent morphology and behavior of females in humans and other mammals. However, it is currently unknown whether hormonal interactions between fetuses can also have consequences for offspring reproductive success and maternal fitness in humans or natural populations of wild animals (10), although evidence in laboratory rodents suggests that this might be the case (21) . Such studies are rare in wild animals because of the difficulties of following a whole litter of offspring throughout their life in nature and recording all reproductive events. Nevertheless, understanding the fitness consequences of offspring sex ratios has significant consequences for our understanding of the strength of selection on, and hence the evolution of, adaptive sex allocation in viviparous animals. For example, maternal fitness returns on reproductive investments depend, in part, on the future reproductive value of the offspring produced. Consequently, if litter sex ratios influence the survival and reproductive success of offspring through interactions among siblings in utero, this could influence selection on maternal sex ratios in ways which are seldom considered (10) .
The aim of this study is to test the hypothesis that the presence of an opposite-versus same-sex co-twin influences lifetime reproductive success in humans, using demographic data from five discrete populations of preindustrial Finns living in conditions of natural mortality and fertility (without benefit of advanced health care and contraception, 1734-1888) (22, 23) . In humans, male fetuses have higher levels of testosterone, but similar levels of estrogen, compared to female fetuses. Conse-quently, males with an opposite-sex co-twin may be exposed to similar levels of estrogens as males with a same-sex co-twin, but females with an opposite-sex co-twin may be exposed to elevated levels of testosterone compared with females with a same-sex co-twin (24) . We therefore predict that the consequences of receiving sex hormones from opposite-sexed neighbors will be greater for females. First, we investigate the effect of having an opposite-sex co-twin for an individual's future lifetime reproductive success, measured as both the probability of rearing at least one offspring in a lifetime and the number of offspring successfully reared to adulthood (age 15 years). Second, we investigate the underlying life-history traits that influence twin lifetime reproductive success (their own survival probability to adulthood, marriage probability, and lifetime fecundity, as well as the survival probability of the twin's own offspring to adulthood at age 15 years). Third, to rule out the possibility that after-birth social factors (rather than prenatal exposure to hormones from the opposite-sex co-twin) account for any differences found, we compare the success of males and females born with an opposite-versus same-sex co-twin but raised as singletons after birth because of their co-twin dying within 3 months after birth. Finally, we investigate the effects of producing twins of differing sex ratios for maternal fitness (i.e., their number of grandchildren born).
We use humans from the preindustrial era because survival and reproductive data on modern Western societies is compromised by advanced health care and contraception; although fitness effects have not been considered, studies from modern Western societies not surprisingly show mixed evidence for the hypothesis that female developmental rates or fertility are adversely affected by having a male co-twin (25) (26) (27) (28) . It is therefore likely that long-term effects of fetal hormonal experiences on later life-history traits and fitness are most effectively investigated in populations living in premodern conditions in which modern contraceptive and medical advances are lacking. Our study includes an extensive dataset with complete reproductive histories of all twins born, their parents, and their resulting offspring from five geographically distinct parishes in rural Finland born between 1734 and 1888 (n ϭ 754 twin offspring). Among these, dizygotic twin births were six times more common than monozygotic twins (see Materials and Methods). All analyses control for necessary potential influences of geographic and temporal variation in fertility and mortality, maternal age and parity, number of competing siblings, and food availability, which was measured as family wealth (social class) and whether birth place was in famine-prone inland parishes or food-predictable island parishes (see Materials and Methods).
Results
Effects of Co-Twin Sex on Reproductive Success. Our results show that females who had a male co-twin have reduced fitness compared to those who had a female co-twin, but the success of males is unaffected by the sex of their co-twin. First, we found that twin females who survived to adulthood have a 25% reduced probability of producing any offspring in their lifetimes if they had a male co-twin rather than a female co-twin (logistic regression: 2 ϭ 6.68, P ϭ 0.0098; Fig. 1A ). Second, of those twin females who married, those who had a male co-twin rear significantly fewer offspring to adulthood in their lifetimes than those who had a female co-twin [general linear model (GLM): F 1,59 ϭ 7.22, P ϭ 0.0093; Fig. 1B ]. By contrast, males who survived to adulthood have a similar probability of producing any offspring in their lifetimes (logistic regression: 2 ϭ 0.02, P ϭ 0.90; Fig. 1 A) and produce similar numbers of surviving offspring to adulthood (GLM; F 1,37 ϭ 0.02, P ϭ 0.89; Fig. 1B ), irrespective of whether they had a female or male co-twin.
Effects of Co-Twin Sex on Underlying Life-History Traits. The reduction in female reproductive success above is a consequence of having had a male co-twin on both their probability of marrying and their fecundity, but not on either their survival or the survival of their offspring. First, females who had a male co-twin have a reduced probability of ever marrying in their lifetimes compared to those who had a female co-twin (logistic regression: 2 ϭ 4.15, P ϭ 0.042; Fig. 2A ). This is significant because, in our study population, females who remained unmarried seldom produced any children in their lifetimes (although offspring of unwed mothers were regularly recorded in the church books); only a single twin daughter in our sample who remained unmarried throughout her life reproduced. Second, among those females who did marry, those who had a male co-twin delivered significantly (at least two) fewer offspring in their lifetimes compared to those who had a female co-twin (GLM: F 1,59 ϭ 8.06, P ϭ 0.0062; Fig. 2B ). However, females with male versus female co-twins have similar survival probability to adulthood (age 15 years) (Cox proportional hazards regression: 2 ϭ 0.1, P ϭ 0.75, n ϭ 364) and similar lifespans after age 15 years (GLM; F 1,71 ϭ 0.38, P ϭ 0.54). These survival results indicate that the differences observed in the probability of marrying and in the numbers of children delivered (see above) are not influenced by differ- Lifetime reproductive success measured as the total number of offspring raised to adulthood (age 15 years). FF, females from female-female twin births; FM, females from female-male twin births; MM, males from male-male twin births; MF, males from male-female twin births. Bars indicate predicted means (Ϯ1 SE); numbers above the bars indicate sample sizes. Note that the true difference in final fitness between FM and FF females will be even larger than shown in B, given that unmarried women (who were more likely to be FM) with zero numbers of children were not included in the analyses of the effects of having a same-versus opposite-sex co-twin on the numbers of children born and raised.
ential mortality between females who had same-versus oppositesex co-twins. Similarly, the survival probability (to age 15 years) of the offspring delivered by those females who had a male versus female co-twin does not differ ( 2 ϭ 0.19, P ϭ 0.66), suggesting that differences in the numbers of offspring reared to adulthood above reflect differences in female fertility rather than offspring viability (or living conditions).
In contrast to females, none of the life-history traits considered differ between males who had a male versus female co-twin (all P Ͼ 0.5). In particular, male twins are as likely to marry ( 2 ϭ 0.41, P ϭ 0.52; Fig. 2 A) and the wives of married men produce similar numbers of offspring (F 1,41 ϭ 0.02, P ϭ 0.90; Fig. 2B ), irrespective of whether the men had a male or female co-twin.
Prenatal Versus Postnatal Effects of Co-Twins. To investigate the possibility that the significant results above are a consequence of postnatal social or nutritional effects, we compared the success of male and female twins who were born with an opposite-versus same-sex co-twin, but who were subsequently reared as singletons after birth as a consequence of their respective co-twin dying within 3 months after birth. Females born with a male co-twin but raised as singletons after birth still have impaired lifetime fecundity (F 1,28 ϭ 7.15, P ϭ 0.012; Fig. 3A ) and lifetime reproductive success (F 1,28 ϭ 7.98, P ϭ 0.008; Fig. 3B ) compared to females born with a female co-twin and raised as singletons. Again, there are no differences in the lifetime number of children born or raised between males born with a male or female co-twin and who were raised as singletons (fecundity,
29).
Effects of Twin Sex Ratio on Maternal Fitness. The negative effects of the presence of an opposite-sexed co-twin on the lifetime reproductive success of female offspring have consequences for maternal fitness. Mothers who produced opposite-sex twins have significantly fewer grandchildren than mothers who produced same-sex twins (F 1,209 ϭ 5.10, P ϭ 0.025; Fig. 4 ). This effect is consistent across geographic areas, cohorts, and social classes and is also significant after controlling for differing numbers of offspring raised to adulthood (see Discussion).
Discussion
There is increasing evidence that conditions experienced before birth can have profound effects on the subsequent growth, survival, and reproductive capacity of individuals (1) (2) (3) (4) (5) (6) (7) (8) . For example, the prenatal acquisition of hormones from developing neighbors in viviparous animals has been shown to have significant consequences for adult morphology, physiology, and behavior both in mammals (9, 12) , including humans (11, (13) (14) (15) (16) (17) (18) (19) (20) , as well as in viviparous lizards (29) . An intriguing implication of such effects is that if, through sex-specific interactions among offspring, litter sex ratios influence offspring success in adulthood, this interaction will modify optimal offspring sex ratios for mothers (10) . However, so far, the fitness consequences of prebirth sex ratio for offspring and mothers are largely unknown for viviparous animals, and hence their fitness consequences for Fig. 2 . Effects of having a same-versus opposite-sex co-twin for female (white bars) and male (gray bars) underlying life-history traits responsible for differences in fitness in Fig. 1 . (A) Probability of ever marrying in a lifetime. (B) Lifetime fecundity measured as the total number of offspring delivered. Analyses for the effects on marriage probability only include individuals who survived to the age in which 90% of individuals in a population were married, if they were ever to marry in their lifetime (30 years). FF, females from female-female twin births; FM, females from female-male twin births; MM, males from male-male twin births; MF, males from male-female twin births. Bars indicate predicted means (Ϯ1 SE); numbers above the bars indicate sample sizes. the mother cannot be incorporated into models of adaptive sex-ratio bias (10). Our study shows that human females who had a male co-twin have reduced lifetime reproductive success compared to females who had a same-sex co-twin. This effect arises because a female who had a male co-twin has both reduced probability of marrying and reduced fecundity compared to females born with a female co-twin. Moreover, our results show that, as a consequence of these effects, mothers who produced opposite-sex twins have fewer grandchildren (and hence lower evolutionary fitness) than mothers who produced same-sex twins. These results provide the first evidence that sex-ratio adjustment influences offspring fitness because of sex-specific interactions between offspring prebirth, and have significant implications for understanding the adaptive nature of sex ratios in humans and other viviparous animals. Our results could be confounded by two sources of variation, but we found little supporting evidence. First, our results are unlikely to be confounded by social or life-history differences between mothers producing male-male, male-female, or female-female twins. We found no evidence to suggest that the combination of twins produced by mothers is influenced by social class ( 2 ϭ 1.55, P ϭ 0.46) or their age, number of previous children produced and raised, or any other life-history character (30) . Furthermore, males from male-female or male-male twin births, or females from male-female and female-female twin births, do not differ in their own social class in adulthood (males: 2 ϭ 0.20, P ϭ 0.65; females: 2 ϭ 0.61, P ϭ 0.43), which could have independent effects on their reproductive success. Finally, all our analyses also control for any significant effects (where applicable) of birth order, maternal age at birth, number of other competing siblings, whether both or just one of the twins was raised to adulthood, as well as geographic (area) and temporal (birth cohort) variation in fertility and mortality (22, 23) . In addition, we did not find a significant interaction between twin sex ratio and birth population, suggesting that our results were common to all five populations studied.
Second, although our results provide strong support for the hypothesis that testosterone from male co-twins is associated with an impairment of female-twin fitness, they are also consistent with the alternative hypotheses that either (i) females with ''more dominant'' male co-twins may be simply outcompeted nutritionally before or after birth, or (ii) females may become masculinized after birth or suffer from social competition because of growing up with a similar-aged brother (11) . If daughters are less favored than sons by parents, being born with a brother may be particularly detrimental to females because of reduced parental support. This latter effect could arise if sons are more valuable than daughters or if daughters are more likely to be required to forego marriage to help at home when they have a male co-twin. Finally, it is possible that sibling interactions after birth could generate sex-ratio effects on offspring fitness without direct competition for resources. For example, in humans, the likelihood of getting a viral infection and its severity are up to twice as high if transmitted from a sibling of the opposite sex than from one of the same sex (31, 32) .
None of the above alternatives is supported by our results. If females with a male co-twin are outcompeted nutritionally or more susceptible to disease, we would expect higher female mortality in the presence of a male co-twin than in the presence of a female co-twin. We found no evidence for this: Females with male versus female co-twins have similar survival to adulthood (see Results). Additionally, we would expect the impairment of female success to be reduced in situations of high resource availability. Again, we found no evidence for this because there is no suggestion that either high social class (landowners) or favorable geographic location (food-predictable island areas) influences the difference in success between females with a male versus female co-twin (all interaction terms with social class and geographic location were nonsignificant; P Ͼ 0.1). The lack of a geographic effect is particularly important because we have shown previously that twins have lower mortality in food-predictable island populations compared to unpredictable inland areas (22, 30) .
If the differences were caused by postnatal masculinization or social-preference effects, we would expect that females would do better if their male co-twin dies shortly after birth and the females are raised after birth as singletons. In contrast, we found no evidence to suggest that daughter success improves if their male co-twin dies shortly (within 3 months) after birth. Females born with a male co-twin but raised as singletons after birth still have impaired lifetime fecundity and lifetime reproductive success compared to females born with a female co-twin but raised as singletons. This result makes it difficult to interpret our findings as after-birth social or parental-preference effects. This point is further emphasized by the fact that we failed to detect a significant interaction between social class and success of females with a male co-twin: In many societies, females can be preferred over males among lower classes, whereas males can be preferred among the upper classes (33) . Finally, that the death of a male co-twin shortly after birth fails to improve female success also provides further support for the idea that reduced female success is not because of females simply being outcompeted by male co-twins nutritionally because the greatest nutritional demand of growing infants is not during gestation, but during late lactation (34) .
In conclusion, we have found that females with male cotwins are significantly disadvantaged compared to those with female co-twins or compared to males with female or male co-twins. These results are difficult to explain by postnatal effects (nutritional, social, or other) because our results remain the same when individuals are gestated with co-twins but reared as singletons (because of co-twin death within 3 months after birth). Studies from other viviparous animals show convincingly that sex hormones can diffuse through the fetal membranes and amniotic f luid and that the acquisition of testosterone from developing male neighbors can have substantial consequences for female morphology, physiology, and behavior (9, 12); previous evidence from humans is also consistent with these observations (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Hence, the most likely mechanism for our observed reduction of female-twin fitness is the acquisition of testosterone from the developing male co-twin. Notwithstanding, our results show that being exposed to a male co-twin in utero has two major effects on females. First, it reduces their marriage probability, possibly because females who have a male co-twin can have masculinized sexually dimorphic anatomical traits (16 -20) and attitudes/behaviors (11) . Studies in humans and other mammals show that the more feminine females are preferred as mates by males (9, 35, 36) , and direct evidence from laboratory animals confirms that intrauterine position can affect female attractiveness to males (37, 38) . Second, exposure to male co-twins reduces female fecundity, possibly because elevated levels of testosterone during development promote the onset of diseases that compromise fertility, such as polycystic ovary syndrome (39, 40) and reproductive cancers (41, 42) .
Finally, that gestation sex ratios can have significant effects on offspring (and consequently maternal) fitness, because of hormonal interactions among fetuses, have important implications for optimal sex allocation in mammals generally, as well as estimations of monozygotic versus dizygotic twinning rates in humans. Although previous studies suggest that chromosomal sex determination constrains adaptive sex-ratio adjustments in mammals (43, 44) , recent studies show that such adjustments in sex ratios are possible, but are only adaptive when clear and predictable relationships between sex-ratio biases and fitness occur (10, 45) . In this study, sex-specific interactions among offspring led to mothers who produced opposite-sex twins having 19% fewer grandchildren than mothers who produced same-sex twins. Therefore, the maternal sex ratio can directly influence offspring fitness because of sex-specific interactions among offspring in utero, and this interaction could affect optimal sex ratios for mothers. Our results suggest that viviparous animals that deliver more than one offspring per litter may therefore represent a particularly rich testing ground for adaptive sex-ratio biases in species with chromosomal sex determination. Second, rates of nonheritable (monozygotic) versus heritable (dizygotic) twinning from demographic data are commonly calculated by using the Weinberg's rule based on the ratio of same versus opposite-sex twinning in a population (46) . The results of this study show that sex-ratio biases toward same-sex twins would be predictably adaptive in humans, leading to the possibility that such calculations could lead to underestimations of the levels, and hence the adaptive nature, of heritable twinning in humans.
Materials and Methods
Study Population. The consequences of having a same-versus opposite-sex co-twin for lifetime reproductive success of males and females were studied by using demographic data collected from Finnish population registers of the preindustrial era. The Lutheran Church has kept birth/baptism, marriage, and death/burial registers of each parish in the country since the 17th century, covering the whole population of Finland from 1749 onward. Using these registers, it is possible to follow the reproductive and marital details of each individual from birth to death because the whole population practiced the Lutheran religion, and everybody who died (in most cases including stillborn and infants who died before baptism) were buried in a cemetery and recorded in the book of deaths (47) . Information on the rates of abortion and infanticide in these populations is not known, but (active) infanticide is considered rare because it was highly punishable by the society (47) , and there are only a few recorded incidences of infanticide occurring in the study parishes during the study era.
The data were collected by using church records from five geographically separate rural archipelago and mainland parishes (Hiittinen, 60°N 22°30ЈE; Ikaalinen, 61°45ЈN 23°0E; Kustavi, 60°30ЈN 21°30ЈE; Pulkkila, 64°15ЈN 26°E; and Rymättylä, 60°15ЈN 22°E) during the 18th and 19th centuries (22, 23, 30 ). The study era ended before industrialism, more liberal economics, and improvements in health care were likely to have had significant effects on survivorship and the standard of living in Finland, and before any of the modern birth control methods were available to limit fertility (48) .
All twins born in the study parishes during 1734-1888 were traced from the church registers (n ϭ 377 twin births). Of these, 105 were male-male, 117 were female-female, and 155 were malefemale twin births. The vast majority of the twins in the sample were likely to be dizygotic; the estimated dizygotic and monozygotic twinning rates in Finnish archipelago during 1653-1949 were 1.64% and 0.28%, respectively (49), although these dizygotic twinning rates may represent an underestimate (see Discussion). Each twin was followed from birth to death or at least until they were 50 years old and known to have ceased reproducing. Of all of the twins, 35% survived to adulthood (age 15 years) and 16% reproduced in their lifetimes. We recorded all marriages and the birth, gender, and survival of all the children produced by each. Information on the occupation of each man (or, for women, the occupations of their husbands) allowed us to rank the social class of each adult twin and also the social class (landowners vs. landless) of their parents, which is a correlate of resources available (23) .
Statistical Analyses. The effects of having a same-sex versus an opposite-sex co-twin for female and male marriage and reproductive probability were analyzed by logistic regressions with binomial error structure and logit link function. Effects on their lifetime numbers of children born (fecundity) and numbers raised to age 15 years were analyzed by using GLMs with normal error structures. Differences in the numbers of grandchildren born to mothers delivering same versus opposite-sex twins were analyzed by using GLM. Residuals of all GLM models were normally distributed and variances were homogeneous (Levene's test, P Ͼ 0.05). In each model, personal or parental social class, birth order, maternal age at birth, number of competing siblings, whether both or just one of the twins was raised to adulthood, and geographic (area) and temporal (birth cohort) variation in fertility and mortality were fitted and included in the final model, if significant, to control for potentially confounding variables.
The effects of having a same-versus opposite-sex co-twin for female and male survivorship to age 15 years were analyzed by using Cox proportional hazards regression and estimated by the KaplanMeier method (50, 51) . Assumption of proportional hazards in Cox regression was investigated by including the time-dependent covariates of independent variables in the model. If a time-dependent effect of explanatory variable was found (indicating nonproportional hazards), the time-dependent covariate was included in the final model (51) . The analyses controlled for effects of maternal age, social class, family size, birth cohort, and geographic differences on child survival.
Because virtually all mothers produced just one set of twins in their lifetime, and there were only 15 pairs of twins of 377 for which both individuals reproduced (nine female-female, four malefemale, and two male-male), correlated measures from the same mother or twin delivery were likely to be of negligible influence for the analyses of reproductive success. Removing such data points from the analyses did not change the results. All analyses were conducted with SAS statistical package version 9.1 (SAS Institute, Cary, NC).
